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Anode-free lithium-metal batteries (AFLMBs) are one of the up-and-coming high-energy-density battery
systems because they eliminate the need for conventional graphite electrodes or excess lithium metal
anodes (LMAs). However, AFLMBs have serious problems of low coulombic efficiencies (CEs) and poor
cycle stability. Herein, this study proposes a local high-concentration electrolyte (LHCE) based on donor
number (DN) modulation, which achieves stable dissolution of LINOz and an anion-enhanced solvation
structure through the synergistic action of a high DN solvent (tetraglyme, G4) and an ultra-low DN
diluent (1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether, TTE). The design addresses the core
challenges of low CEs and poor cycling stability in AFLMBs due to the lack of a lithium source.

. 4 30th March 2025 Computational and experimental results show that regulating the DN value of the solvent significantly
eceive th Marc| - . . L . . .
Accepted 8th July 2025 reduces the Li* desolvation energy and forms an inorganic-rich solid electrolyte interphase (SEl), which

guides the uniform deposition of Li. The electrolyte achieves a high CE (about 99.0%) and long cycle life

DOI: 10.1039/d55c0239h (1400 h). Based on this, the AFLMB retains 86.3% capacity after 50 cycles, far exceeding the 25-cycle life
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1. Introduction

The growing demand for high-performance rechargeable
batteries is driving the development of advanced battery tech-
nologies. In the pursuit of high energy density, the LMA is
regarded as one of the ideal anode materials for next-generation
lithium batteries owing to its ultra-high theoretical specific
capacity (3860 mA h g~ ') and extremely low electrochemical
potential (—3.04 V vs. the standard hydrogen electrode).’”
Nevertheless, lithium metal exhibits high reactivity and
substantial volumetric fluctuations, which undoubtedly
increases the cost of manufacturing, transportation and storage
of lithium metal batteries.* In addition, due to side reactions
and unstable SEIs, the anode needs to provide excess lithium
metal at the cost of compromising the energy density to maxi-
mize the CE and achieve a respectable cycle lifetime.>®
AFLMBs effectively address the shortcomings of traditional
lithium metal batteries.”*> AFLMBs are a special type of lithium
metal battery in which the anode does not contain active
material in the initial state."® Due to the absence of surplus Li
in the battery, the volume is reduced to a minimum and the
energy density is increased to its maximum potential.**'®
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of conventional carbonate electrolytes (CCEs).

However, the active Li lost during cycling cannot be replen-
ished, thus leading to a rapid decline in battery capacity and
a shortened cycle life."®"” Currently, researchers are addressing
this issue from several directions, such as collector
modification,’®?* advanced electrolyte design,”>* Li
replenishment,>?® and optimization of external conditions
(pressure regulation, cut-off voltage and depth of discharge
control).?”2®

According to recent research, electrolyte optimisation to
improve the cycle life of AFLMBs is a more practical and cost-
effective strategy. Currently, in the solvation structure of
CCEs, due to the strong ion-dipole interactions between Li* and
the solvent, EC dominates the inner layer of the solvation
structure of Li" and preferentially undergoes a reduction reac-
tion at the anode, resulting in the formation of SEIs with
organics as the main component. Organic-rich SEIs are plagued
by poor conductivity and instability, leading to extremely low CE
values and lithium dendrite growth.”*** Many studies have
shown that inorganic-rich SEIs have the advantages of high
interfacial energy and strong mechanical properties, which are
favorable for guiding the uniform deposition of lithium.**
Therefore, it is crucial to regulate the environment around Li* to
direct more anions into the solvation structure thereby gener-
ating inorganic-dominated SEIs. In this regard, tuning and
balancing the DN values of lithium salts and solvents may be an
effective way to regulate the solvation structure of Li*. DN values
are used to describe the electron-donating capacity of a solvent
or anion,* which mainly affects the performance of the battery

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by influencing the solvation environment on the Li anode and
the SEI components derived with it.

Herein, we elaborate a type of LHCE using lithium bis(-
fluorosulfonyl)imide (LiFSI) and lithium nitrate (LiNO;) as the
lithium salts, where the DN values of NO;~ and FSI™ are 21.1
and 9.5 kcal mol?, respectively. Meanwhile, G4 (DN = 16.6 kcal
mol ') is used as the main solvent, and TTE (DN = 1.9 kecal
mol ") as the diluent. By modulating the DN values of the
solvents, not only the stable presence of a high concentration of
LiNO; in the electrolyte was achieved, but also the formation of
an anion-enhanced solvation structure guided the formation of
inorganic-rich SEIs, which helped to achieve uniform lithium
deposition. Importantly, density functional theory (DFT)
calculations show that adding diluents weakens the interaction
between Li" and solvent molecules, thereby accelerating the
desolvation process of Li". Although studies have been con-
ducted to optimise electrolytes applied to conventional lithium-
metal batteries using DN modulation, most of the strategies
focus on single-salt systems or conventional solvents (e.g,
DMC/DME) and are not designed for the unique requirements
of AFLMBs. In this work, DN modulation was applied to
AFLMBs through a combination of dual salts with high and low
DN solvents to address the dual challenges of interfacial
dynamics and SEI stability. This study highlights the impor-
tance of solvents with different electron-donating capabilities in
stabilising the solvation structure through DN-directed solva-
tion structure design, which prolongs the cycling life of
AFLMBs.

2. Results and discussion

2.1. Rational design of the electrolyte based on the DN value

First, the choice of lithium salt is crucial for ensuring the
stability of the anode. In this work, anion manipulation was
accomplished by combining two of the most commonly used
lithium salts: LiFSI and LiNO;. LiFSI is commonly utilized in
the LHCE due to its high solubility and ionic conductivity.** A
previous study found that the addition of small amounts of
LiNO; to the 2 M LiFSI-DME electrolyte enhances the complete
decomposition of FSI".** In addition, the reduction products of
LiNO; can reduce the nucleation overpotential and promote the
uniform deposition of lithium metal.**?** Compared with the
conventional single-salt system, this stabilised solvation struc-
ture of double anions not only promotes the formation of
a more stable SEI layer, but also significantly reduces the
occurrence of side reactions. Nevertheless, the limited solubility
and dissociation of LiNO; in commonly used solvents have
hindered its widespread usage as the primary salt.>**?

In solvent screening, the DN value of the solvent is used as
a key parameter for screening and optimising electrolytes. The
DN value reflects the ability of the solvent molecules to provide
electrons to Li", which directly affects the solvation structure
and SEI composition of Li".* Research indicates that solvents
with lower DN values (such as DMC) have lower solubility for
LiNO;, resulting in poor conductivity and suboptimal cycling
performance. However, solvents with higher DN values (such as
DME, THF and DEE), while effectively promoting the
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dissociation of LiFSI and LiNOj;, exhibit overly strong solventi-
sation capabilities. This results in the Li* solvation shell
primarily being composed of solvent molecules, effectively
blocking direct interactions between anions (NO;~ and FSI)
and Li" as well as the LMA surface.** Here, we chose G4 as the
primary solvent. Compared to other ether solvents, G4 has
a moderate DN (much larger than that of CCEs, but smaller
than that of LiNO;) and abundant solvation sites (O atoms),
resulting in high solubility (>4 M, 25 °C) for LiNO;.** However,
the ultra-low DN diluent TTE compresses the solvation struc-
ture and promotes the migration of anions (NO; ™~ and FSI") into
the first solvated layer of Li" through a weak electron donor
effect (Fig. 1a and b). This synergistic design of high/low DN
solvents achieves an anion-enhanced solvation structure in the
electrolyte, resulting in a stable inorganic-rich SEI.

First, Raman spectroscopy was performed on different elec-
trolytes in order to investigate the coordination of NO; ™, FSI™
and G4 molecules with Li*. 1 M electrolytes of LiFSI and LiNO;
mixed in different molar ratios were prepared. As shown in Fig.
S1,f “0.4F-0.6N” in the figure represents dissolving 0.4 M LiFSI
and 0.6 M LiNO; in G4 solvent. In pure G4 solvent, the signal
with a Raman shift of 850 cm ™" is identified as the -CH,~O-CHj;
stretching vibration of the free G4 molecule. The lithium salt
dissolved in G4 solvent shows a new peak at 870 cm™ ", which is
attributed to the Li'-solvated G4. It's obvious that its signal
weakens as the amount of LiNOj; increases, which suggests that
the presence of NO;™ in the solvation structure weakens the
coordination of Li"-solvated G4. The effects of different double
salt ratios on the lithium deposition morphology were system-
atically investigated by scanning electron microscopy (SEM). As
shown in Fig. S2,t the deposition of Li is the most flat and dense
in the range of 0.6F-0.4N. Meanwhile, the Li metal anode has
the best cycling stability in the range of 0.6F-0.4N (Fig. S37).
Based on the above results, the optimum molar ratio of LiFSI
and LiNO; was determined to be 6: 4. It should be noted that
the concentration involved in this work was limited to 4 M (2.4F-
1.6N), and a further increase in concentration would lead to
precipitation of lithium salts.

In order to form a LHCE, TTE was added as a diluent to 2.4F-
1.6N. Fig. S47 shows the ionic conductivity of different elec-
trolytes. For example, “1:2” indicates that the volume ratio of
2.4F-1.6N to TTE is 1: 2. The data indicate that the conductivity
exhibits a negative correlation with the concentration of lithium
salt. Nevertheless, as the TTE increases, the conductivity also
increases, indicating that the ionic conductivity of the electro-
Iyte is significantly improved by the low viscosity of TTE. In
order to further optimize the TTE addition, the effect of
different ratios of TTE additions on the solvation structure was
investigated by Raman spectroscopy. As shown in Fig. 1c, the
peak of free G4 (850 cm ™ ') completely disappeared in 2.4F-1.6N
because the G4 molecules are highly coordinated with Li',
forming contact ion pairs (CIPs) and aggregates (AGGs). With
the addition of TTE, the peak of Li*-solvated G4 is red-shifted.
This indicates that the shielding effect of TTE leads to the
dissociation of G4 molecules from the solvation structure and
an increase in the proportion of free G4 molecules. In addition,
the characteristic peak of TTE at 660 cm ™' is not shifted in
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Fig. 1

(@) A LHCE with dual salts based on a DN modulation rule and the promoted stable SEI. (b) Schematic illustration of the strong solvation

effect of G4 and the shielding effect of TTE. (c) Raman spectra. (d) “Li NMR spectra. Radial distribution functions and corresponding coordination
numbers of (e) 2.4F-1.6N and (g) 2.4F-1.6N-TTE electrolytes. (f) and (h) Corresponding MD-simulated snapshots of (e) and (g), respectively.

different solutions, suggesting that at the microscopic level of
the solvation structure, TTE does not undergo direct coordina-
tion with Li". Meanwhile, the slight blueshift of the peaks of
NO;~ and FSI™ identifies more anion incorporation in the
solvation structure of Li". In terms of macroscopic environ-
mental regulation, this can be reasonably understood as the
strong electronegativity of the F atoms in the TTE molecule and
Li" ions may be attracted to each other through weak interac-
tions, compressing the confined solvation structure and facili-
tating high anion aggregation. To further investigate the
changes in the Li'-solvation structure, 'Li NMR spectroscopy
was used to investigate the participation of anions in the
solvation shell both before and after the introduction of TTE. As
shown in Fig. 1d, the "Li NMR spectra display a downfield shift

14784 | Chem. Sci, 2025, 16, 14782-14792

when the salt concentration increases from 1 M (0.6F-0.4N) to 4
M (2.4F-1.6N), indicating a decrease in the electron cloud
density around Li" as the salt concentration increases. This is
because some of the anions can be absorbed into the solvation
structure as the free solvent decreases. Since NO;~ has a weaker
electron-donating ability than G4, it reduces the electron cloud
density around Li*. In the 2.4F-1.6N-TTE electrolyte, the "Li
NMR signal experiences a downfield shift, suggesting that the
interaction between Li* and G4 is weakened, which is consistent
with the findings from Raman spectroscopy. The above spectral
analysis indicates that after the addition of TTE to the 2.4F-1.6N
electrolyte, part of the force between Li* and G4 in the solvation
structure is shielded by TTE, and an anion-enhanced solvation
structure is formed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MD simulations further confirmed this conclusion. As
shown in Fig. 1e-h, the radial distribution function (RDF, g(7),
solid line) and coordination numbers (n(r), dashed line) of the
electrolyte system before and after the addition of TTE were
calculated. The RDFs of Li-O(NO; ™), Li-O(FSI™), and Li-O(G4)
in different electrolytes all exhibit strong peaks at 1.84, 1.94 and
1.86 A, respectively, which indicates that NO;~, FSI", and G4
tend to dominate the primary solvation sheath of Li'. The
addition of TTE retained the CIPs and AGGs in the 2.4F-1.6N
without changing the original solvation structure. In addition,
the peaks in 2.4F-1.6N-TTE are higher than those in 2.4F-1.6N,
suggesting that more anions are squeezed into the primary
solvation shell due to the crowding effect of TTE. Notably, the
2.4F-1.6N-TTE does not show distinct Li-O(TTE) peaks. Also,
the coordination number is zero from 0 to 3.5 A, indicating that
the interaction between TTE and Li" is weak or negligible. An
analysis was conducted on the distribution of the center of mass
(CM) to get a precise understanding of the distribution between
anions and solvents surrounding the core Li'. From the center
of mass (CM) distribution (Fig. S51), NO;~ exhibits the strongest
solvation ability and is positioned closest to Li‘. Theoretical
modeling findings provide a high level of concordance with the
spectroscopic features, demonstrating that the addition of TTE
does not change the original solvation structure.

2.2. Compatibility of electrolytes with the Li metal anode

The desolvation process of Li" at the SEI/electrolyte interface is
the rate-determining step in the lithium metal deposition
process, which requires overcoming a large energy barrier. To
examine the impact of various TTE additions on the interfacial
dynamics at the anode, the electrochemical impedance spec-
troscopy (EIS) of Li||Li symmetric batteries was performed at
temperatures ranging from 298 K to 323 K. The temperature-
dependent EIS (Fig. S61) and fitting results (Fig. S71) show that
the desolvation energy of the 2.4F-1.6N-TTE (1: 3) electrolyte is
only 36.94 k] mol ', significantly lower than that of the 2.4F-1.6N
electrolyte (65.85 k] mol™*) (Fig. 2a). Meanwhile, the most prob-
able solvation structures of the 2.4F-1.6N and 2.4F-1.6N-TTE
electrolytes were extracted from MD simulations (Fig. S8t). These
solvation structures were used to evaluate the Li* desolvation
energy, which is crucial for battery kinetics. As shown in Fig. 2b,
DFT calculations indicate that the desolvation energy of Li" is
significantly reduced by the addition of TTE. Additionally, the
high exchange current density (0.184 mA cm™?) extracted from
the Tafel plots further demonstrated the ease of lithium plating/
stripping in 2.4F-1.6N-TTE (1 : 3) (Fig. 2c). These results indicate
that the Li" desolvation energy was reduced by DN modulation,
and the Li" transfer kinetics at the anode interface was signifi-
cantly improved. This advantage stems from the shielding of Li‘-
G4 interactions by TTE, which makes the anion-enhanced
solvation structure easier to desolvate, which is particularly
beneficial for AFLMBs with limited lithium sources. Ultimately,
the volume ratio of 2.4F-1.6N to TTE is determined to be 1: 3,
which corresponds to an apparent concentration of 1.0 M,
matching that of the lithium salt in the CCE (1.0 M LiPF4/EC-
DMC (1:1 vol%)-30%FEC) used as control samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Then, three different electrolytes, CCE, 2.4F-1.6N and 2.4F-
1.6N-TTE, were used to assemble Li||Cu half-cells to investigate
their electrochemical performance. As shown in Fig. 2d, the
CCE displays obvious fluctuation after only 50 cycles. 2.4F-1.6N
could be cycled stably for 300 cycles, but the average CE was only
97.6%. In contrast, 2.4F-1.6N-TTE offers a CE of ~99.0% over
550 cycles with no noticeable fluctuation. The voltage-capacity
curve (Fig. 2e) confirms that 2.4F-1.6N-TTE has good compati-
bility with the lithium anode for better reversibility. Simulta-
neously, the 2.4F-1.6N-TTE also showed durable cycling
stability at various capacities and current densities (Fig. 2f and
S9t). To further demonstrate its advantages, the optimized
electrolyte (2.4F-1.6N-TTE) was compared with the LiFSI-
LiNO;-DME-TTE electrolyte. Li||Cu half-cells employing the
LiFSI-LiNO;-DME-TTE electrolyte exhibited a higher initial Li
nucleation overpotential and a significantly shorter cycling
lifespan (Fig. S107). Li||Li symmetric cells were used to further
test the stability of different electrolytes. As shown in Fig. 2g, the
overpotential of the CCE gradually increased with cycling and
caused a short circuit after 150 h. This occurs due to the inho-
mogeneous deposition of lithium metal, which generates
numerous side reaction products from rapid interactions
between the electrolyte and lithium dendrites, obstructing the
interfacial Li* diffusion and increasing voltage polarization.
Compared with 2.4F-1.6N, the overpotential of the 2.4F-1.6N-
TTE was significantly reduced and remained nearly constant for
1400 h. Even at 1000 h, the polarization voltage is only 60 mV
(Fig. 2h), which is one-tenth of that of 2.4F-1.6N (620 mV). These
results further confirm the superior performance of the 2.4F-
1.6N-TTE electrolyte in reducing nucleation barriers, improving
lithium deposition uniformity and enhancing cycling stability.

2.3. Interfacial properties of the lithium anode

In order to enhance the reversibility of LMBs and prevent the
production of dead Li, the morphology of the Li deposition is
essential. The morphology of 4 mA h cm ™2 Li deposited in the
CCE and 2.4F-1.6N-TTE was observed by SEM. As shown in
Fig. 3a-c, selective deposition of Li was observed in the CCE,
featuring a porous structure and a rough morphology with
a thickness of ~71.6 um. Conversely, the lithium deposited in
2.4F-1.6N-TTE showed a flat and dense morphology with no
dendrites or voids within the lithium metal. Its thickness was
around ~22.9 um, almost matching the theoretical estimate of
19.4 pm (Fig. 3d-f). This dendrite-free lithium morphology
reduced the contact area between the active lithium and the
electrolyte, thereby mitigating side reactions and the generation
of dead lithium on the surface of the lithium anode. In addition,
to visualize the morphological evolution during lithium depo-
sition/exfoliation, an in situ optical observation device was built
(Fig. S11at). In Li||Li symmetric cells with a current density of 5
mA cm 2 and a lithium deposition capacity of 5 mA h cm ™2, the
deposition morphology in the CCE is fluffy and porous. The
inhomogeneous lithium deposition worsens and the porous
lithium volume increases significantly with a longer deposition
time (Fig. S11bt). In contrast, the nucleation of lithium
deposited in 2.4F-1.6N-TTE was more uniform, forming

Chem. Sci., 2025, 16, 14782-14792 | 14785


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02399h

Open Access Article. Published on 08 July 2025. Downloaded on 5/4/2026 6:52:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

%100 1
4.0 g
35 2 801 o
_ " m . )
= 3.0 60 4 N
< @ < R
E 25 Ecy(KJ mol) u:_' £
= e 0 65.85 = 40 =
= 20 31 o o2
3:2 ® o =
15 11 45.15 > 20 - 0.184 mA cm? —o—2.4F-1.6N-TTE
®1 o 12 4038 ) 3] 0.085mA cm? ——2.4F-1.6N
° 1:3  36.94 73
1.0 8 [}
3.15 3.20 3.25 3.30 3.35 2.4F-1.6N 2.4F-1.6N-TTE -0.2 -0.1 0.0 0.1 0.2
d 1000/T (K™) e f (V)
—_ 1.6 & W 2.4F-1.6N-TTE
N3 100 ——— 2.4F-1.6N20 € \\9- 1 f 1 2.4F-1.6N
el 1.2 ---- 24F-1.6N%0 O e o> | I cce
%) ——— 2.4F-1.6N-TTE? < o o = |
< 80 S -- - 24F-1.6N-TTE40N £ c o R
2 1 2 084 - &
] 3 o 2E -
& . = %= o =
@ 60 1mA em?1 mAh cm?2 8 04 g 2.8
) ° 5 &
© - O |
o > 0.0 s > =
E -
o o CCE
= 20 o 2.4F-1.6N -0.4+ ‘5- Q 8O - |
8 © 24F-1.6N-TTE 4o W\ ]
— -0.8
0 100 200 300 400 500 0.0 02 0.4 06 038 ° 150 300 450 €00
Cycle Number Capacity (mAh) h Cycle number
2 2
1mA cm? 1 mAh cm?
—_ 1
e s
@ Y
2 > o
= S
9 o
> >
o CCE 2
——24F-1.6N ——24F16N  620mV
o 2.4FA.6N-TTE ——2.4F-1.6N-TTE 60 mV
-2 N T -2
0 200 400 600 800 1000 1200 1400 950 960 970 980 990 1000
Time (h) Time (h)

Fig. 2

(a) The activation energies for Li* desolvation at the anode. (b) The desolvation energy of 2.4F-1.6N and 2.4F-1.6N-TTE electrolytes

obtained from DFT calculations. (c) The exchange current density of different electrolytes. (d) The CE of Li metal plating and stripping was

assessed using Li||Cu half cells at 1 mA cm™ for 1 mA h cm—2

. (e) Corresponding voltage-capacity profiles at the 200th and 400th cycles using

different electrolytes. (f) The cycle life of electrolytes at different current densities and Li deposition capacities. (g) Cycling performance of Lil|Li

symmetric cells with different electrolytes at 1 mA cm™2 for 1 mA h cm

a denser and smoother morphology (Fig. S11ct). Furthermore,
when stripping Li at the same current density, dendrites
remained on the surface of the Li anode in the CCE, leading to
the formation of dead lithium. Conversely, Li deposits
uniformly disappeared in 2.4F-1.6N-TTE. The morphological
studies demonstrate that regulating the DN of solvents helps to
construct an anion-derived SEI with a lower Li" diffusion
barrier, which effectively inhibits the growth of lithium
dendrites. In order to comprehend the key factors influencing
the distinct deposition behaviors of lithium, X-ray photoelec-
tron spectroscopy (XPS) was used to explore the differences in
the composition of the SEI in different electrolytes. In the Li;
and Fy, spectra (Fig. S12 and 3g), the SEI layer produced by the
CCE contains more LiF components compared to 2.4F-1.6N-
TTE, which is due to the decomposition of FEC. Furthermore,
many organic phases, such as carbonaceous compounds
(ROCO,Li), are generated in the SEI, as a result of solvent
decomposition. This SEI is bulky and does not work well to
minimize side reactions between the electrolyte and lithium
metal, leading to the rupture of SEI and growth of dendrites,
thus offsetting the advantages of fluorinated compounds.***”

14786 | Chem. Sci, 2025, 16, 14782-14792

-2

. (h) Amplified voltage profiles of selected time in (g).

Another notable difference in the SEI composition between the
two electrolytes is observed in the N, and S,;, spectra. In the Ny
spectrum (Fig. 3h), there are peaks attributed to Li;N and
LiN,O, that are generated by the decomposition of LiNO;. In
addition, in the S,, spectra (Fig. 3i), there are two peaks
attributed to SO,>”, and the presence of low oxidation state
groups indicates that FSI"™ has been completely decomposed. In
contrast, these components were not observed in the SEI of the
CCE. This is mainly due to the DN modulation to form an anion-
enhanced solvation structure, and the synergistic decomposi-
tion of the double salts further enriches the inorganic compo-
nent of the SEI

In the previous electrochemical tests, the 2.4F-1.6N-TTE
showed superior cycling stability and higher CE, suggesting that
in addition to F-containing substances (e.g., LiF), N-containing
and S-containing SEI compositions should contribute to the
construction of a stable SEI. Previous studies have shown that
good SEI components, such as LizN and LiN,O,, are favorable
for increasing the conductivity of Li* and can provide fast
migration channels for Li" thereby facilitating the diffusion of
Li" in the SEL*** In addition, Li,SO, can serve as a safeguard in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Top views of Li deposited in (a) and (b) CCE and (d) and (e) 2.4F-1.6N-TTE electrolytes. The inset shows an optical image of Li deposited
on copper foil. The cross-sectional SEM images on the deposited Li metal in electrolytes of (c) CCE and (f) 2.4F-1.6N-TTE. XPS spectra of (g) Fis,
(h) Nis and (i) Sy, on the Li-metal anode at 0.5 mA cm™2, 0.5 mA h cm™2 after 10 cycles.

the formation of a stable SEI and enhance the durability of the
cycling process.*® In conclusion, the increase of the inorganic
phase in the SEI can improve the mechanical strength, density,
and flexibility of the SEI, which offers effective safeguarding for
the lithium metal anode.>"*>

In order to investigate the chemical composition and
distribution of SEIs formed in different electrolytes, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) was per-
formed on lithium foil after cycling. We observed stronger C™
and F~ signals and weaker O~ signals in the SEI derived from
the CCE compared to those from 2.4F-1.6N-TTE (Fig. S137).
Considering that the C™ signal comes exclusively from solvent
decomposition, this indicates that the solvent-dominated
solvation structure formed in the CCE leads to severe solvent
decomposition

TOF-SIMS three-dimensional mapping (Fig. 4a and b)
revealed that F~ is abundant in the SEIs formed in both elec-
trolytes. However, along the thickness, the content of F~ in the
SEI from the CCE is significantly higher than that in 2.4F-1.6N-
TTE, which is consistent with the XPS results. In addition, the
distribution of C*, O™, and F~ species detected on the surface of
the SEI formed by the CCE was not uniform (Fig. S14a-ct). In
the SEI formed in 2.4F-1.6N-TTE, however, the distribution of
various elements was more uniform (Fig. S14d-f}). At the same
time, trace amounts of Li;N~ and S~ species were also detected,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which are characteristic ionic fragments of Li;N and LiFSI
decomposition products, respectively. This suggests that the
decomposition products of the double salts are jointly involved
in the formation of the SEL

In order to investigate the refined structure of the SEI, the
nanostructure of the SEI formed in different electrolytes was
observed by using high-resolution transmission electron
microscopy (HRTEM). Disassembling the Li||Cu half-cells after
50 cycles in different electrolytes, the formation of different
thicknesses of the SEI on the Cu foil can be clearly observed. As
shown in Fig. 4c, the SEI formed on the Cu foil cycled in the CCE
had a thickness of approximately 18.5 nm and exhibited non-
uniformity, which may impede interfacial transfer and lead to
uneven Li deposition. In contrast, benefiting from the anion-
enhanced solvation structure, the SEI formed in the 2.4F-1.6N-
TTE electrolyte was thinner (7.2 nm) and more uniform
(Fig. 4d). The high magnification images (Fig. 4e) reveal that the
SEI layer induced by the 2.4F-1.6N-TTE electrolyte has a multi-
layer structure, consisting of an amorphous outer layer and
a well-crystallized inner layer with a mixed layer including LiF,
Li,O, Li,SO, and LizN. This particular SEI structure exhibits
ultrafast Li" conductivity, thus inhibiting the growth of Li
dendrites. This was confirmed from the corresponding fast
Fourier transform (FFT) and lattice fringe patterns. Based on
the lattice distance, the darkest position was identified as the (2
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(a) TOF-SIMS three-dimensional depth-profiling images of the C™, O™ and F~ species in the SEI formed in the CCE. (b) TOF-SIMS three-

dimensional depth-profiling images of the C™, O™, F~, LizN™ and S~ species in the SEl formed in the 2.4F-1.6N-TTE. HRTEM characterization of
the cycled Cu foil disassembled from the Li[|Cu cells after 50 cycles at 0.5 mA cm~2 for 1 mA h cm™~2 in different electrolytes: (c) CCE, (d) 2.4F-
1.6N-TTE. (e) Magnified HRTEM image. The corresponding local fast Fourier transform images of (d): (f) LiF crystal, (g) Li,SO4 crystal, (h) LizsN

crystal and (i) Li,O crystal.

0 0) planes of Cu with a spacing of 2.08 A (Fig. S15t). The cor-
responding local FFT images displayed in Fig. 5f-i clearly
identify the lattice spacings of crystalline components, in which
the lattice spacings of LiF (1 1 1), Li;SO, (1 1 1), LizN (0 0 1) and
Li,O (11 1) are 2.32, 4.07, 3.86 and 2.66 A, respectively. The EDS
mapping image (Fig. S16t) also shows a uniform distribution of
F, S, N and O with the same profile.

2.4. Performances of Li||[NCM622 cells

Electrochemical tests and characterization were systematically
performed to demonstrate the compatibility of the prepared
LHCE with NCM622. The electrochemical performance of the

14788 | Chem. Sci., 2025, 16, 14782-14792

Li|[NCM622 cell was investigated with the NCM622 cathode
(17.67 mg cm 2, 1C = 175 mA g~ ') and Li metal anode (50 pm)
in different electrolytes. As shown in Fig. 5a, the Li||[NCM622
cell employing the 2.4F-1.6N-TTE electrolyte presents good
cycling stability after 200 cycles at 0.5C. The initial discharge
specific capacity was 161.46 mA h g™', and the discharge-
specific capacity after 200 cycles was 137.45 mA h g~ ', with
a capacity retention rate of 85.1% (Fig. 5b). In contrast, the
capacity retention of the cell using the CCE drops rapidly to less
than 60% after 140 cycles due to the buildup of organic
byproducts from the decomposition of the electrolyte and the
phase change of the cathode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in different electrolytes.

In order to investigate the effect of the unique solvation
structure in 2.4F-1.6N-TTE on the cathode-electrolyte interface
(CEI), the NCM622||Li cell was disassembled after 100 cycles,
and the composition of the CEI was characterized by XPS. As
shown in Fig. 17,1 for the NCM622 cathode cycled in the CCE,
peaks attributed to Li,F)PO, and LiF were observed in the Fy
spectrum, which originated from the decomposition of LiPFg.
The CEIs formed in 2.4F-1.6N-TTE are mainly composed of
inorganic-rich phases such as LiF, LizN, LiNO,, and Li,SOy,,
which are derived from the decomposition of the anions in the
double salts. This inorganic-rich CEI contributes to fast diffu-
sion kinetics. Meanwhile, S-O, and N-O, signals from the anion
decomposition were observed in the CEI of 2.4F-1.6N-TTE in
the O spectrum, indicating that S and N are bonded to O on
the cathode surface for effective protection. In addition, the M-
O signal can only be detected in the CCE, which is associated

© 2025 The Author(s). Published by the Royal Society of Chemistry

with a sustained corrosion. The dissolution-redeposition
process of transition metal (TM) on the lithium anode was also
analyzed by using EDS. As shown in Fig. 5c and S18,} there is
a large attenuation of the TM elemental signal in the 2.4F-1.6N—
TTE, suggesting that both LiFSI and LiNO; significantly inhibit
the corrosion of the cathode during electrochemical cycling. To
understand the reasons why the prepared electrolyte inhibits
TM dissolution and improves the cycling stability, the cycled
NCM622 cathode was characterized by HRTEM. As can be seen
in Fig. 5d, a CEI layer with a thickness of about 4.6 nm can be
observed on the surface of the NCM622 cathode cycled in the
2.4F-1.6N-TTE electrolyte, which has an overall thinner and
more uniform morphology. In contrast, the NCM622 cathode
cycled in the CCE was covered by a CEI with a thickness of 10.3
nm (Fig. 5). The CEI with good morphology generated in 2.4F-
1.6N-TTE may be valuable for inhibiting side reactions between

Chem. Sci., 2025, 16, 14782-14792 | 14789
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the cathode and the electrolyte. Furthermore, the surface and
cross-sectional morphologies of the NCM622 cathode after
long-term cycling in the CCE and 2.4F-1.6N-TTE were investi-
gated. As shown in Fig. 5e and S19a-c,} the NCM622 electrode
retained its structural integrity in the 2.4F-1.6N-TTE electrolyte,
without experiencing serious cracking or pulverized disinte-
gration. In sharp contrast, relatively large amounts of electrolyte
decomposition byproducts were accumulated on the surface of
the NCM622 cathode cycled in the CCE, which was associated
with constant corrosive side reactions. Meanwhile, the cathode
microstructure was degraded with fragmentation and inter-
granular cracks (indicated by arrows) (Fig. 5h and S19d-ft). In
conclusion, an anion-enhanced solvation structure was
successfully prepared by modulating the DN values of lithium
salts and solvents, and the anion reduction generated an inor-
ganic-rich interface. This not only effectively inhibits the growth
of lithium dendrites, but also the thinner and denser CEI
ensures good compatibility with the NCM622 cathode and
inhibits microstructural degradation (Fig. 5f). In contrast, in the
CCE, EC dominates the inner layers of the Li" solvation struc-
ture because of the strong dipole-ion interaction between Li"
and the solvent. As a result, an organic-rich interface is formed,
which cannot inhibit the growth of lithium dendrites. Mean-
while, as shown in Fig. 5i, an inhomogeneous CEI may lead to
sustained electrochemical stress corrosion of the electrolyte and
cathode materials, consistent with the degradation of electro-
chemical performance.**>

In AFLMBs, the stability of the electrolyte directly determines
the cycle life of the battery due to the absence of an active
lithium source at the anode in the initial state. The anion-
enhanced solvation structure formed by DN regulation signifi-
cantly reduces the Li" desolvation energy and reduces interfa-
cial side reactions. This design is particularly important under
lithium source-limited conditions: irreversible lithium loss in
the AFLMBs can directly lead to a rapid decline in battery
capacity compared to conventional Li metal batteries. As shown
in Fig. 5j, the AFLMB using the 2.4F-1.6N-TTE electrolyte
retains a specific discharge capacity of 130.8 mA h g™* after 50
cycles, with a capacity retention rate of 86.3% (Fig. 5k).
However, the AFLMB with the CCE can only retain its perfor-
mance over 25 cycles due to uncontrolled side reactions that
rapidly deplete the lithium or the electrolyte, leading to cata-
strophic capacity degradation. Furthermore, this study
compares the optimized electrolyte (2.4F-1.6N-TTE) with both
2.4F-1.6N and LiFSI-LiNO;-DME-TTE electrolytes. AFLMBs
using the latter two electrolytes exhibited rapid capacity decay
during cycling (Fig. S207). This difference is due to the forma-
tion of inorganic enriched SEIs under the DN regulation
strategy, whose high mechanical strength and ionic conduc-
tivity effectively inhibit dendrite growth and dead lithium
generation.

3. Conclusions

In summary, in this study, the donor number modulation
strategy is applied to anode-free lithium metal batteries, and the
synergistic design of solvents with high/low DN values is

14790 | Chem. Sci, 2025, 16, 14782-14792
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proposed to break through the solubility limitation of LiNO; in
conventional solvents. Comprehensive characterisation and
theoretical tools, such as Raman, NMR, SEM, XPS, TOF-SIMS, in
situ optical microscopy, HRTEM, MD and RDF, revealed that the
anion-enhanced solvation structure is achieved by the combi-
nation of G4 and TTE, which generates high-quality SEI and CEI
films and avoids the growth of anode lithium dendrites and the
phase transition of anode materials. Consequently, the
prepared 2.4F-1.6N-TTE electrolyte achieves a high CE value
(~99.0%) and ultra-long cycle life of the lithium anode. By
comparing the electrochemical performance of AFLMBs based
on this LHCE with that of a CCE, the critical role of the solvation
structure and interfacial reaction mechanisms in the design
and development of electrolytes is highlighted.
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